ABSTRACT. Anthurium (Anthurium andraeanum) is a tropical ornamental valued for its colorful spathe (modified bract) that subtends the inflorescence. The present genetic model for spathe color inheritance in anthurium does not account for differences among the red-and pink-spathed cultivars or for differences in the shades of pink among pink cultivars. To identify the mechanisms responsible for the variation in color and intensity, five genetically defined pinkspathed cultivars, with respect to the O, R, and M loci, with varying shade intensities, along with a genetically defined red-spathed cultivar (control), were analyzed at the mRNA, protein, chemical, and phenotypic levels at different spathe development stages. Spathe color values were recorded based on CIE L*a*b* system. Intensity of color (L*, which represents lightness) correlated with the anthocyanin content, with L* showing a strong negative relationship with anthocyanin abundance. Additionally, the red spathe accumulated anthocyanin throughout the spathe developmental stages, whereas the pinks either produced anthocyanin at early stages of development, which decreased as the spathe matured or showed a marked delay in anthocyanin accumulation. The level of anthocyanin closely mirrored flavonoid 3#-hydroxylase (F3#H) expression but did not correspond with the expression of any of the other genes assayed, chalcone synthase (CHS), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS). It was found that earlier the expression and higher the rate of expression of F3#H during spathe development, the greater the accumulation of anthocyanin in the spathe. Differences in the a* color space parameter among cultivars also suggests that qualitative differences in color could be mediated through F3#H. Other ancillary mechanisms that down regulate F3H, ANS, and DFR expression levels, evident in some pink cultivars, are discussed.
Anthurium has emerged as a popular tropical ornamental in international markets. The cut flower consists of a brilliantly colored modified leaf called the spathe with a protruding, cylindrical inflorescence called the spadix. Spathe color is one of the most attractive features of the cut flower and significantly influences consumer preference of cultivars. Colors range from red, pink, orange, coral, white, green, and brown to spatial bicolors referred to in the industry as obakes. Iwata et al. (1979) demonstrated that anthocyanins were the main pigments responsible for the various spathe colors of anthurium and identified two anthocyanins [cyanidin 3-rutinoside (red) and pelargonidin 3-rutinoside (orange)] in red-, orange-, pink-, and coral-colored spathes. A subsequent study noted that the spathe color and its intensity were determined by both the concentration of cyanidin and ratio of cyanidin to pelargonidin, with red and pink spathes having a ratio over 1.0 and orange and coral spathes having a ratio less than 1.0 (Iwata et al., 1985) .
The biosynthetic pathway that leads to anthocyanin formation has been well established and is conserved over a wide range of plants ( Fig. 1) (Schijlen et al., 2004) . In anthurium, Collette et al. (2004) cloned and characterized the expression of four genes encoding key enzymes within the anthocyanin biosynthetic pathway, CHS, F3H, DFR, and ANS and demonstrated that the CHS, F3H, and ANS genes were coordinately controlled, whereas DFR was controlled by a distinct regulatory mechanism. A subsequent genetic study (Elibox and Umaharan, 2008) showed that three loci, R, O, and M determined the major spathe colors in anthurium where the R and O loci controlled whether anthocyanins were produced or not and the M locus determined the type of anthocyanins, whether cyanidin or pelargonidin derivatives. It was postulated that the R and O genes encoded transcription factors that regulated the CHS, F3H, and ANS genes and the DFR gene, respectively, while M encoded the F3#H enzyme that converts dihydrokaempferol to dihydroquercetin, a precursor for cyanidin derivatives (Elibox and Umaharan, 2008) . More recent studies have shown that CHS is regulated independently of F3H and ANS and that the R gene controlled the expression of F3H and ANS, whereas the O gene controlled the expression of DFR (Avila- Rostant et al., 2011; Gopaulchan et al., 2014) . Moreover, a partial sequence of the F3#H gene was cloned and shown to be a likely candidate for M through expression analysis (Gopaulchan et al., 2014) .
However, the existing genetic model is inadequate in that it does not account for the range of variation in the shades within a specific spathe color, such as the genetic and molecular bases for differences in shades of reds and pinks. Kamemoto et al. (1988) postulated the dosages of the O and M genes were responsible for the range of shade colors and that pink cultivars were heterozygous for the M and O loci resulting in reduced anthocyanin accumulation. However, Elibox and Umaharan (2008) observed cultivars with pink spathes were generally O_Rr and suggested the R gene exerted a strong dosage effect, depending on the number of dominant alleles it possessed; this was supported by the findings of Avila-Rostant et al. (2011) . Collette et al. (2004) found the transcript abundance of the anthocyanin biosynthetic genes peaked late during spathe development in pink spathes compared with red spathes and suggested that temporal expression differences accounted for the differences in the shades of color. Recent studies clearly show that F3#H expression mirrored the accumulation of anthocyanins in red spathes and suggested that the regulation of the M gene may serve as a key point in the control of anthocyanin biosynthesis (Gopaulchan et al., 2014) .
The aim of this research was to investigate the underlying molecular mechanism responsible for shade color variation represented by red and pink spathe colored cultivars. To accomplish this, the transcript levels of the CHS, F3H, ANS, DFR, and F3#H genes were examined at different stages of spathe development using reverse transcription quantitative real-time PCR (RT-qPCR) in five pink-spathed cultivars, with different color shade intensities and representing known genotypes at the O, R, and M loci. The expression levels of CHS, F3H, DFR, and ANS proteins were also studied using western hybridization and the results were correlated with anthocyanin content and phenotype.
Materials and Methods
PLANT MATERIAL. Five pink-spathed cultivars of anthurium, with varying shade color intensity ranging from pale pink to dark pink, were used in this experiment, along with a red-spathed cultivar as a positive control (Table 1) . Anthurium cut flowers (the spadix plus the subtending spathe) were collected from mature plants (3 to 4 years old) grown in shade houses with 75% shade and 12-h daylength at Kairi Blooms Ltd., a commercial anthurium farm located at Carapo village, Trinidad. Samples were harvested between 0600 to 0800 HR from spathe development stages 2 (cut flower first visible), 3 (cut flower protrudes from the leaf sheath), 4-1 (peduncle extends to 3-4 cm in length), 4-5 (peduncle fully extended and true flowers evident on the base of the spadix), and 6 (spathe newly opened and fully expanded) (Collette et al., 2004) and immediately stored in liquid nitrogen.
COLOR DETERMINATION. Spathe color values were determined using a Chroma Meter CR-400 (Konica Minolta Sensing Americas, Ramsey, NJ) based on the CIE L*a*b* system where L* referred to lightness, and a* and b* represented the color component dimensions. The meter was calibrated with a white calibration plate (Konica Minolta Sensing Americas). Results were based on three biological replicates (three distinct spathes) with five random measurements per replicate. EXTRACTION AND QUANTIFICATION OF TOTAL ANTHOCYANIN. Spathe extract was prepared by incubating the spathe tissue (0.2 g) in 1 mL of methanol: acetic acid (70:3, v/v) overnight at room temperature. The sample was centrifuged at 16,000 g n for 1 min and the supernatant was stored. The pellet was subjected to a second extraction with 1 mL of methanol: acetic acid (90:1, v/v) as described before. The supernatants were pooled, evaporated under vacuum to dryness, rehydrated in methanol: acetic acid (80:2, v/v), and stored at -80°C until analysis. The total anthocyanin content was determined using the pH differential method as described by Lee et al. (2005) . Absorbencies were measured with an ultraviolet-visible (UV-Vis) spectrophotometer (GENESYS 10; Thermo Fisher Scientific, Waltham, MA) and expressed as cyanidin-3-glucoside equivalent. Results were represented as the mean of three biological replicates.
RNA ISOLATION AND REVERSE TRANSCRIPTION QUANTITATIVE REAL-TIME PCR. Total RNA was extracted from the spathe tissue using the RNAqueous Kit with the Plant RNA Isolation Aid (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. The RNA was treated with Turbo DNA-free (Applied Biosystems) and quantified using a UV-Vis spectrophotometer (NanoDrop 2000c; Thermo Fisher Scientific) . Denatured agarose gel electrophoresis was used to verify the integrity of the purified RNA. The RNA (1 mg) was used to synthesize cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) as described by the manufacturer. The cDNA samples were diluted 1 in 5 with nuclease-free water for RT-qPCR reactions.
RT-qPCR assays were performed with Power SYBR Green PCR Master Mix (Applied Biosystems) in 96-well plates and ran on with a 7500 Real-Time PCR System (Applied Biosystems). Primers were designed for each target with Primer Express 3.0.1 (Applied Biosystems) and amplification assays were optimized (Table 2 ). To control and assess for genomic DNA contamination, primers were designed to target different exons (when possible), and minus reverse transcription control (RT-minus) reactions were made. Reactions were prepared in 10 mL volumes containing 1 mL of template, 0.5 mL of each amplification primer, 5 mL of master mix, and 3 mL of Milli-Q water. Each PCR reaction was performed in triplicate for three biological replicates, with the inclusion of a pooled RT-minus reaction and a no-template control. The reactions were initially heated to 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 63°C for 1 min. A melting curve analysis ranging from 60 to 95°C was performed to verify the specificity of the amplicons and the quantitative cycle (Cq) values were automatically determined using the 7500 System Sequence Detection Software 2.0.6 (Applied Biosystems). Cq values were converted to relative quantities using the respective amplification efficiency (Rieu and Powers, 2009 ) and normalized to the expression of cyclophilin (CYP) and ubiquitin family protein (UBQ5) (Table 2) as described by Gopaulchan et al. (2013) .
ISOLATION OF TOTAL PROTEIN AND IMMUNOLOGICAL ASSAYS. To a prechilled mortar and pestle, 0.2 to 0.3 g of spathe tissue was added and ground to a powder in liquid nitrogen. Protein extraction buffer [1 mL (50 mM MOPS, 250 mM sucrose, 10 mM NaCl, 5 mM EDTA pH 8.0, 1 mM MgCl 2 , 1.5% (w/v) polyvinylpyrrolidone, 0.5% (v/v) 2b mercaptoethanol, pH 7.4)] was added and the sample was ground until it was completely homogenized. The homogenate was transferred to a 1.5-mL microfuge tube and centrifuged at 15,000 g n for 1 min and the supernatant was stored at -80°C. The proteins were quantified using the Bradford (1976) protein quantification assay with bovine serum albumin (Sigma-Aldrich, St. Louis, MO) as the standard protein.
The proteins (10 mg) were separated on a 12% SDS polyacrylamide gel (Laemmli, 1970) using an electrophoresis system (Mini-Protean 3; Bio-Rad Laboratories, Hercules, CA) and transferred to 0.45-mm nitrocellulose membranes (Sigma-Aldrich) (Harlow and Lane, 1988 ) with a Mini TransBlot Electrophoretic Transfer Cell (Bio-Rad Laboratories). Electroblotted membranes were stained with Ponceau S [0.2% (w/v) Ponceau S, 10% (w/v) citric acid] to evaluate protein transfer efficiency. Membranes were blocked with 5% (w/v) fat-free milk powder in PBS-Tween [150 mM NaCl, 7.5 mM Na 2 HPO 4 , 2.5 mM NaH 2 PO 4 , 0.1% Tween 20 (v/v) (Sigma-Aldrich), pH 7.2] for 2 h on a shaking platform at room temperature and incubated with anti-CHS, -F3H or -ANS sera (1:10,000 final concentration), or purified anti-DFR serum [1:500 (equivalent to 1:6250 crude serum)] as described by Gopaulchan et al. (2014) in PBS-Tween overnight on a shaking platform at 4°C. Membranes were subsequently incubated with ImmunoPure Antibody Donkey Anti-Rabbit IgG (Pierce Protein Research Products, Rockford, IL) at 1:20,000 (final concentration) in PBS-Tween for 1 h at room temperature.
Visualization of bound antibodies were performed with chemiluminescent substrate (SuperSignal West Pico, Pierce Protein Research Products) according to the manufacturer's instructions and recorded on CL-XPosure Film (Pierce Protein Research Products). Images of blots were acquired with the UVP Gel/Doc-It 300 imaging system with UV to White Light Converter (UVP, Upland, CA) and protein band intensities were estimated using ImageJ 1.46r (Schneider et al., 2012) . Due to the rapid proteolytic degradation of F3H protein into two distinct bands, the quantity of F3H was determined as the sum of the two band intensities (Gopaulchan et al., 2014; Luka cin et al., 2000; Pelletier et al., 1999) .
STATISTICAL ANALYSIS. Data on color (L*a*b*), total anthocyanin content, and the relative quantities of gene expression were analyzed using analysis of variance using the statistical software NCSS (version 2009; NCSS, Kaysville, UT) and means were separated with Fisher's least significant difference test. Relationships between datasets were investigated using Pearson's correlation coefficients. Table 1 . The putative genotypes with respect to the O, R, and M loci for Anthurium andraeanum cultivars (Elibox and Umaharan, 2008 
Results
CHROMOSPECTRAL ANALYSIS. Significant differences (P < 0.05) in the L*a*b* color space dimensions were recorded among cultivars and developmental stages (Fig. 2 ). Of these, L* closely reflected the visual intensities of color at stage 6 with the red cultivar, Success, recording the lowest L*, followed by 'Sweety' (intermediate value); 'Sonata', 'Lydia', and 'Spirit' (high); and 'Cheers' (very high) in that order. Hence, the darker the shade of color the lower the L* value. Three trends were observed for L* over the development stages for the various anthurium cultivars: 1) L* values decreased from stages 2 to 6, albeit at different rates, in 'Success', 'Sweety', 'Spirit', and 'Cheers'; however, the decrease was not significant in 'Cheers'. The steeper the rate of decline, the darker the shade of pink obtained at full maturity (stage 6) of the spathe. 2) In 'Sonata', L* decreased significantly (P < 0.05) between stages 2 and 4-1, but remained constant thereafter. 3) In 'Lydia', L* decreased significantly (P < 0.05) from stages 2 to 4-1, but showed an increase at stage 6. These differences influenced the final shade intensity of the cultivars.
The a* color component, which measured the color of the spathes between red/magenta and green (negative a* values indicated green and positive a* values indicated red), was significantly (P < 0.05) higher at full maturity (stage 6) in 'Success' and 'Sweety', intermediate in 'Lydia', 'Sonata', and 'Spirit', and low in 'Cheers'; an order that was reminiscent of L*. However, there was no correlation (P > 0.05) between L* and a* values, suggesting that there was not only quantitative differences in the spathe colors among the pink cultivars, but also qualitative differences. Although the b* color space parameter was significantly (P < 0.05) different among cultivars and stages, no specific trend was observed between the red and pink spathes nor between the intensity of shade among the pinks (data not shown).
TOTAL ANTHOCYANIN ACCUMULATION/ABUNDANCE. The effects of cultivar, stage and interaction between cultivar, and stage were significant (P < 0.05) for the total anthocyanin levels (Fig. 3) . The anthocyanin content in the red cultivar, Success, was greater than all the pink cultivars in the mature spathe (stage 6). Among the pink cultivars, Sweety (dark pink) had more (P < 0.05) anthocyanins than the other pink cultivars at stage 6. On average there was an increase in anthocyanin levels from stages 2 to 6 among the pink-spathed cultivars, although there were cultivar differences in the rate of increase (Fig. 3) .
'Success' recorded anthocyanins as early as stage 2, which increased at a rapid rate up to stage 6, thus resulting in the dark red pigmentation. There was evidence of temporal differences in the accumulation of anthocyanins among the pinks. Anthocyanins were evident as early as stage 2 in 'Sweety', which continued to increase up to stage 6, albeit at a slower rate than 'Success' resulting in a dark pink. Although anthocyanin accumulation started as early as stage 2 and stage 3 in 'Lydia' and 'Sonata' respectively, they accumulated anthocyanin at a slower rate up to stage 4-5 and decreased thereafter, while in 'Spirit', anthocyanin accumulation was further delayed up to stage 4-1, but continued to increase at an intermediate rate up to stage 6. 'Lydia', 'Sonata', and 'Spirit' can be regarded as intermediate pinks. 'Cheers', which started accumulation of anthocyanin the latest (at stage 4-5), also increased slowly up to stage 6 and had the lightest pink. The anthocyanin content significantly correlated with the L* (r = -0.68, P < 0.05) and a* (Gopaulchan et al., 2014) .
GenBank accession no. (r = 0.67, P < 0.05) ( Fig. 4A and B ) color space dimensions, indicating its role in shade intensity and quality of color in the spathes.
RT-QPCR ANALYSIS. The effect of cultivar, development stage, and interaction between cultivar · development stages were significant (P < 0.05) for all the genes (Fig. 5) . The DFR and F3#H genes showed low levels of overall expression compared with the other genes. Among the pink cultivars at stage 2, the average transcript abundance for CHS, F3H, and ANS were 3.9, 1.5, and 3.6 times greater than DFR, respectively, and 178, 66.5, and 161.6 times greater than F3#H, respectively. The effect of developmental stage was most noticeable for DFR, CHS, and ANS transcript abundance in the pink cultivars, with transcript levels declining to 13%, 17%, and 50% at full maturity (stage 6) respectively, as compared with stage 2. The rate of decline in transcript abundance from stage 2 to 4-1 to 6 was remarkably linear for these genes (CHSb = -2.0, R 2 = 0.98; DFR-b = -0.51, R 2 = 0.99; ANS-b = -1.01, R 2 = 0.95), with some minor deviations depending on the cultivar.
Although cultivar differences for transcript abundance at full maturity was significant for CHS, F3H, ANS, and DFR, the differences did not correspond with the color intensity of the spathes (L*) nor the anthocyanin content. In contrast, in the case of F3#H (Fig. 4C and D) , there was a strong negative correlation (r = -0.79, P < 0.05) between transcript abundance and L*, and a strong positive correlation between transcript abundance and total anthocyanin content (r = 0.70, P < 0.05), indicating a strong correspondence between F3#H expression, anthocyanin accumulation, and darkening of shade of pink. Although there were significant differences (P < 0.05) in the mRNA levels between cultivars for all genes, the effect was particularly pronounced for F3#H (Fig. 5) . Notably, the F3#H expression was drastically lower in the pink cultivars compared with the red cultivar, Success. The transcript abundance for F3#H in 'Sweety' was 14% of 'Success', while for the other pinks on average was 4% of 'Success'. In 'Cheers', the lightest of the pinks, F3#H expression was greatly reduced in comparison with the other pink cultivars. Furthermore, F3#H transcript levels over developmental stages showed a trend similar to L* and total anthocyanin. It increased through the developmental stages but more steeply between stages 4-1 and 6 in 'Success', 'Sweety', and 'Spirit', in that order, but showed a declining trend in the lighter pink cultivars (Sonata, Lydia, and Cheers), accounting for the cultivar · developmental stage interaction.
IMMUNOLOGICAL ANALYSIS. To investigate the patterns of anthocyanin enzyme accumulation, anti-CHS, -F3H, -DFR, and -ANS antibodies were used to perform immunoblot analysis on crude protein extracts from the spathe tissue at development stages 3, 4-1, 4-5, and 6 (Fig. 6) . In 'Success', the CHS, F3H, DFR, and ANS proteins were readily detectable in all spathe development stages though reduced levels were generally recorded at stage 6. The trend was similar in 'Sweety', except that the protein levels of CHS, F3H, DFR, and ANS generally were slightly less compared with 'Success' particularly in the early developmental stages of the spathe. In 'Lydia' and 'Sonata', the CHS, DFR, and ANS proteins were easily detected between stages 3 to 4-5 and were as high as those detected in 'Success'. However, the F3H protein was substantially less in both cultivars through all the developmental stages. Furthermore, at stage 6, the four proteins were greatly reduced. In 'Spirit', greatly reduced protein levels were overall observed at stage 3; however, the levels increased over stages 4-1 to 6 except for DFR, where slightly reduced levels were observed. In 'Cheers', the CHS and DFR proteins were readily detected in all stages of spathe development, whereas the F3H and ANS proteins were generally reduced except at stages 4-1 and 4-5, where high levels were noted. An antibody was also generated to target the F3#H protein in the spathe; however, it cross reacted with numerous proteins from the tissue and could not be used (data not shown).
Discussion
This study investigated for the first time the expression of important anthocyanin biosynthetic genes at the mRNA and protein levels and their association to anthocyanin abundance, phenotype, and genotype with the objective of understanding the molecular basis for differences in shade color in genetically characterized red and pink cultivars. Our findings showed that differences between red and pink cultivars, as well as differences between cultivars with various shades of pink, could be accounted for by the differences in the total anthocyanin content. Cultivars with pink spathes contained severely diminished anthocyanin levels in comparison with the red. In addition, among the pink-spathed cultivars, the anthocyanin abundance closely reflected the shade intensity indicated by L* (Figs. 2  and 3) . Furthermore, the study showed that both temporal differences in the accumulation of anthocyanins in the spathe tissue as well as differences in the rate of anthocyanin accumulation over developmental time may have accounted for the final differences in spathe color.
It was found that shade differences among the pink cultivars can be phenotypically differentiated not only by L*, which measured color intensity, but also by the a* color component. For instance, the a* dimension was high in the red and dark pink cultivars, Success and Sweety, respectively, but had lower values in the lighter pink cultivars. Additionally, there was a significant correlation (P < 0.05) between the anthocyanin levels and a* measurements (Fig. 4B ). The differences in the a* parameter indicated that there were qualitative differences in the spathe colors, possibly due to variations in the combination of pigments present in the tissue. Studies have demonstrated that the differences among shades were determined not only by the concentration of anthocyanins (cyanidin and pelargonidin 3-rutinoside), but also by the ratio of cyanidin to pelargonidin (Iwata et al., 1985; Li et al., 2013) . It was reported that a ratio >1.0 produced spathes with red and pink hues while <1.0 resulted in spathes with orange and coral hues. It may be possible that the reduced F3#H transcripts in pinks resulted in carbon flux being partially channeled from dihydrokaempferol to leucopelargonidin and eventually the production of limited amounts of pelargonidin derivatives. Alternatively, the qualitative differences in color may be due to the effect of copigmentation. Flavones, which can exert a strong copigmentation effect with anthocyanins (Martens and Mith€ ofer, 2005) , are produced in large amounts in the spathes of anthurium (Clark et al., 2012 (Clark et al., , 2014 Li et al., 2013) . Avila-Rostant et al. (2011) noted that lighter shades of pink accumulated a greater abundance of total flavonoids compared with the darker pink and red spathes. It is possible that the accumulated flavonoids upstream of the bottlenecked F3#H step of the pathway in pinks may be interacting with the anthocyanins.
Although there were significant differences in the transcript levels of all the genes between cultivars and stages, the transcript levels of the CHS, F3H, DFR, and ANS genes did not correspond to shade color intensity (L*), quality (a*), or to the anthocyanin levels. Furthermore, their transcript levels declined over the development stages while anthocyanins and Fig. 4 . Correlations among data sets of Anthurium andraeanum cultivars Lydia, Sonata, Spirit, Sweety, and Cheers at spathe development stages 2, 4-1, and 6 were determined at P < 0.05 significance. Correlation coefficients (r) are shown for all data. (A) The intensity of spathe color (L*) showed a strong negative relationship with anthocyanin abundance, (B) a* color space dimension significantly correlated (P < 0.05) the anthocyanin levels, (C) the expression of flavonoid 3#-hydroxylase (F3#H) showed a strong negative relationship with spathe lightness (L*), and (D) F3#H expression displayed a strong positive correlation between transcript abundance and total anthocyanin content in pink cultivars at development stages 2, 4-1, and 6. color intensified. In contrast, the expression of F3#H was significantly greater in the red-spathed cultivar compared with the pinks. Also, among the pinks, F3#H mRNA was significantly higher in the darker pink than in the lighter pinks. The transcript level of F3#H closely mirrored anthocyanin accumulation in these cultivars during spathe development suggesting that the expression of F3#H may be involved in the differentiation between red and pinks as well as the differences in the intensity of the shade among pink spathes. In a recent study, it was proposed that in anthurium, F3#H expression may be a key control point in the regulation of anthocyanin biosynthesis in red spathes (Gopaulchan et al., 2014) based on the correspondence between F3#H expression and the intensity of red among red-spathed cultivars of anthurium. Previous studies have also noted a correspondence between the expression of F3#H and the accumulation of anthocyanins. Brugliera et al. (1999) reported that the introduction of petunia's (Petunia hybrida) F3#H gene into a cultivar that was deficient of F3#H and flavonoid 3#,5#-hydroxylase (F3#5#H) resulted in increased anthocyanin production, altering the flower color from pale pink to dark pink. Nakatsuka et al. (2006) also observed an increase in the anthocyanin content and flower color intensity in tobacco (Nicotiana tabacum) with the expression of the gentian (Gentiana triflora) GtF3#H gene. Similarly, Tanaka and Ohmiya (2008) noted the down regulation of F3#H and F3#5#H in torenia (Torenia hybrida), which typically accumulated delphinidin and cyanidin, produced a pale pink-colored transgenic containing mostly pelargonidin. Our results, along with these findings, suggest that the F3#H expression may be involved in determining the shade color intensity in red and pink spathes. Further work is therefore required to evaluate this hypothesis. Collette et al. (2004) reported that the expression of the anthocyanin genes peaked late during spathe development in pink spathes in comparison with the red spathes and hypothesized that temporal differences in expression of the genes were responsible for the color differences. The findings of this research also suggested that in addition to differences in overall transcript levels of F3#H, temporal differences in expression of the anthocyanin genes, in particular F3#H, may have also contributed to the differences in anthocyanin abundance and color intensity among the pink-spathed cultivars (Figs. 5 and 6 ). Temporal regulation of the anthocyanin biosynthetic genes during organ development and its influence on color diversity and intensity, have also been noted in other species. For instance in orchid (Cymbidium hybrida), Wang et al. (2014) reported that the temporal and spatial expression of DFR and ANS were responsible for the different flower color groups and the diversity of colors and shades within a group. In Clarkia gracilis, the difference in pigment types between the petals and petal spots, as well as spatial restriction of the spots, has been proposed to be due to the different temporal expression patterns of F3#H1-A and DFR2 genes and the F3#5#H1 and DFR1 genes (Martins et al., 2013) . In some species, such as maize (Zea mays), the genes encoding the enzymes of the anthocyanin biosynthetic pathway are expressed simultaneously during development and are activated by a common regulatory mechanism consisting of R2R3 MYB and basic helix-loophelix type transcription factors (Petroni et al., 2014; Petroni and Tonelli, 2011) . In other species, such as snapdragon (Antirrhinum majus), the genes are separated into two regulatory units: the early biosynthetic genes (EBGs) and the late biosynthetic genes (LBGs) (Jackson et al., 1992; Martin et al., 1991) . The EBGs are expressed during early stages of development, whereas the LBGs are expressed at a later stage. However, in anthurium, although the anthocyanin genes (CHS, DFR, F3H, and ANS) are coexpressed, they are controlled by independent regulatory mechanisms (Avila-Rostant et al., 2011; Gopaulchan et al., 2014) . It is plausible that a common stimulus or combination of stimuli induce the expression of the regulatory genes, which act in concert to coordinate the expression of the anthocyanin genes during spathe development.
The mRNA levels of F3H in all five pink-spathed cultivars were similar to Success, a red-spathed cultivar. Nevertheless, in the pink cultivars, Lydia and Sonata, the F3H protein abundance was severely diminished throughout spathe development and in the pink cultivar, Cheers, there was a reduction in both F3H and ANS protein.
F3H is an essential enzyme in the anthocyanin biochemical pathway that catalyzes the conversion of naringenin to dihydrokaempferol, an important precursor for anthocyanin formation. It is likely the reduced F3H protein could have acted as a rate-limiting step and restricted the movement of carbon flux through the pathway hindering anthocyanin production in these cultivars. Zabala and Vodkin (2005) noted that in soybean (Glycine max) a transposon insertion in the F3H1 gene resulted in reduced F3H levels and the occurrence of pinkcolored flowers instead of purple. However, sequence analysis of the anthurium F3H gene did not reveal such insertions or any mutations that could account for the reduced protein level (data not presented). Studies have shown F3H belongs to a multigene family and that different isoforms might be expressed to produce the overall enzyme activity (Azuma et al., 2012; Shen et al., 2006) . In anthurium, two other putative F3H isoforms with different DNA sequences have been discovered; however, their transcript levels were negligible in comparison with the isoform studied in this research (unpublished work). This suggests that the assayed F3H is the active isoform in the anthocyanin biosynthetic pathway. It is possible that the low-protein abundance of F3H in some pink cultivars may be a result of the gene being regulated at the post-transcriptional level, as has been reported for other genes in the flavonoid biosynthetic pathway. For instance, in maize, the In locus tightly regulates the expression of CHS at the post-transcriptional level (Franken et al., 1991) . Burbulis and Winkel-Shirley (1999) proposed that CHI in arabidopsis (Arabidopsis thaliana) was subjected to post-translation processing. Pairoba and Walbot (2003) found that the Bɀ2 gene in maize, which encodes glutathione S-transferase, was also strictly regulated at the post-transcriptional level. and anthocyanidin synthase (ANS) protein levels in the spathe tissue of six Anthurium andraeanum cultivars at spathe development stages 3, 4-1, 4-5, and 6: (A) 10 mg of crude spathe protein was loaded in each lane and immunoblot analysis was performed with anti-CHS, -F3H, -DFR, and -ANS serums, (B) protein band intensities were quantified using ImageJ 1.46r as described by Schneider et al. (2012) and presented as protein fold difference as compared with 'Success' protein levels.
In the mature spathes of 'Lydia' and 'Sonata', a reduction of anthocyanin abundance was noted compared with the earlier stages. This reduction coincided with diminished expression of the anthocyanin biosynthetic genes at both the transcript and protein levels, indicating that the biosynthesis of anthocyanins was suppressed. Additionally, pigment dilution during spathe growth and expansion, as well as anthocyanin degradation, may have also led to the reduced concentrations (Oren-Shamir, 2009 ). On the contrary, 'Sweety' and 'Spirit' accumulated anthocyanins late into spathe development, albeit at different rates, which correlated with late expression of the anthocyanin biosynthetic genes. It is possible that the greater increase in anthocyanin abundance and darker shade of pink noted in 'Sweety' in comparison with 'Spirit' in the mature spathe was likely due to the higher F3#H transcripts noted at the later stages. Kamemoto et al. (1988) theorized that the dosages of the M and O loci were responsible for the range of shade colors and that pink cultivars were heterozygous for the M and O. It was later proposed by Elibox and Umaharan (2008) that the M locus encoded the F3#H gene, which controls the shift from dihydrokaempferol, the precursor for pelargonidin derivatives, to dihydroquercetin, the precursor for cyanidin derivatives. The study further suggested that the dosage of the R gene corresponded to the differences between reds and pinks. However, in this study, among the cultivars evaluated, we did not observe a dosage effect of the M locus (MM or Mm) on the final phenotype of the pink as observed by Kamemoto et al. (1988) . For instance, the anthocyanin content and the corresponding F3#H transcript level in 'Lydia' and 'Sonata' that were MM were significantly less than 'Success' that was Mm. Similarly, 'Sweety', which was Mm, exhibited greater F3#H transcript and anthocyanin abundance than 'Lydia' and 'Sonata'. Also noticeable was the distinct expression profile of F3#H in comparison with the CHS, F3H, DFR, and ANS genes, indicating that F3#H was controlled separately from the other biosynthetic genes by another regulatory mechanism. These results suggest that while the M locus may encode the F3#H gene, another gene or genes (unaccounted for by the genetic model) may encode a transcription factor(s) that regulates the expression of F3#H. These transcription factor(s) may therefore control the intensity of shade color in anthurium by affecting the temporal expression and the level of expression of the F3#H gene, as was evident in this study.
There was evidence of other mechanisms, other than that mediated through the F3#H gene, which may have contributed toward the differences between red and pink-spathed cultivars. The reduced expression of F3H in 'Lydia' and 'Sonata', F3H and ANS in 'Cheers' particularly during the early development stages, and DFR in 'Spirit', also appeared to be involved in determining the final color. Further study may provide evidence for the dosage effects seen for the O and R genes (Elibox and Umaharan, 2008; Kamemoto et al., 1988) . This multitude of mechanisms for color variation may reflect the complex nature of the ornamental, which has been developed through interspecific hybridization between species of the sections Calomystrium and Porphyrochitonium.
In conclusion, anthurium is a monocot with a highly pigmented spathe, which is a modified leaf with an extended developmental period. The study shows that differences between red-and pink-colored spathes as well as differences among the shade intensities of pink spathes could be explained by differences in their relative anthocyanin abundances. Furthermore, differences in anthocyanin levels among pinks were correlated to differences in the level of F3#H expression. F3#H gene expression has similarly been shown to be correlated to shade differences among red cultivars in anthurium (Gopaulchan et al., 2014) . There is also evidence from the study that the greatly diminished levels of anthocyanins in pink cultivars could be due to additional regulatory mechanisms. The study showed that in addition to reduced transcript levels of F3#H, there were diminished levels of F3H, ANS, or DFR proteins in pink cultivars, which could account for the reduced carbon flux through the flavonoid pathway. While correlation between gene expression and anthocyanin contents provide preliminary evidence of the role of these genes in determining spathe color intensity, further validatory work is required to clearly elucidate the roles of these genes on shade intensity differences among pinks.
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